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I n t rodu c t i on 

I t  has  l o n g  been suspected tha t  radicals play important roles d u r i n g  the 
pyrolysis of coal and a f t e r  production of the coal-derived l iquids.  Our 
objective is to  improve product y i e lds  and quality of the coal l iquids 
produced by understanding and controll ing f ree  radical chemistry i n  the 
py rol y s i s processes . 
T h i s  report describes the experimental resu l t s  i n  two parts: 
detection o f  phenalenyl - l i ke  rad ica ls  i n  coal pyrolysis process and 
Part  11, the quench solvent evaluation. 

I. 

Part I ,  the 

Detection of Phenalenyl -Like Radicals 

A. Coal Pyrolysis Vapor 

Retcofsky e t  a1.l recently reported i n  s i t u  coal pyrolysis 
experiments i n  which the s o l i d  phase region was studied, b u t  no ESR resu l t  
was reported on the study of the vapor phase components during coal 
pyrolysis. In order t o  detect  rad ica ls  i n  the vapor phase during pyroly- 
sis ,  the experimental apparatus shown i n  F i g .  1 was used. The  coal sam- 
ples for t h i s  experiment were prepared as follows: 

A piece (-5x5~5 cm3) o f  Wyodak subb i tuminous  coal was cleaved in a 
glove box f i l l e d  w i t h  nitrogen t o  prevent exposure to  oxygen. A 
small piece of coal w i t h  a l l  fresh surfaces was selected and ground 
(-100 microns) i n  the glove box w i t h  mortar and pestle.  The coal 
powder was transferred t o  a small fused s i l i c a  tube ( 2  rtnn ID ,  3 nun 
O D ) .  The small tube with coal powder was placed in a fused s i l i c a  
tube ( 3  mn ID ,  4 m OD). The amount of coal used fo r  each sample i s  
30-40 mgs. Glass wool packing (0.51 cm thick) was placed on top of 
the coal powder which prevents the coal powder from flying t o  the 
upper portion of the tube d u r i n g  experiments. 
before removal from the glove box and then quickly connected to  a 
vacuum line.  After evacuation overnight, the tube was sealed under 
vacuum. The length of the tube was made short, compared w i t h  the 
length of the dewar, such tha t  a l l  par t s  of the tube would be heated 
during pyrolysis of the coal. 

The tube was stoppered 

A sample so prepared was placed i n  the microwave cavity as shown i n  
Fig. 1. The coal was heated by blowing hot a i r  through the dewar using a 
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commercial e l e c t r i c  heater  assembly (Wilmad WG-836 and WG-838). 
arrangement, temperatures up t o  550°C cou ld  be reached w i t h i n  5 minutes. 

For  the  de tec t i on  o f  rad i ca l s ,  a convent ional  EPR spectrometer (Var ian E- 
l o p )  w i t h  X-band rec tangu la r  c a v i t y  (E-231) was equipped w i t h  an "L"  
shaped water cooled p l a t e  at tached a t  t he  f r o n t  and bottom s ides of t h e  
c a v i t y  t o  prevent  i t  from hea t ing  by h o t  a i r .  
by a Varian E-935 data a c q u i s i t i o n  system. 

Experimental Resul ts  and Discuss ion 

When the coal sample was heated t o  -510"C, an ESR spectrum with hyper f i ne  
s t r u c t u r e  s t a r t e d  t o  appear. A se r ies  o f  spect ra obta ined a t  consecutive 
t imes i S  shown i n  Fig. 2. 
When the temperature reached 510"C, an ESR s igna l  (A) w i t h  hyper f ine 
s t r u c t u r e  appeared. 
t h e  cen te r  o f  Signal A. The i n t e n s i t y  o f  A s i g n a l  became steady a f t e r  
2 min., however, the B s igna l  grew s t e a d i l y  as t h e  p y r o l y s i s  proceeded. 

When the sample was a l lowed t o  cool  t o  -340"C, t h e  h y p e r f i n e  s t r u c t u r e  
s t a r t e d  t o  disappear and a t  room temperature the r e s u l t i n g  spectrum was 
w i t h o u t  any hyper f i ne  s t r u c t u r e  w i t h  broader l i n e w i d t h .  A t  h igh  temper- 
ature, the ESR i n t e n s i t y  corresponds t o  spins. When cooled t o  room 
temperature, a f t e r  t he  necessary temperature c o r r e c t i o n  w i t h  Cur ie ' s  1 aw, 
-30% o f  the t o t a l  sp in  disappeared. 

The disappearance o f  hyper f  i ne s t r u c t u r e  w i t h  o v e r a l l  broadening o f  t h e  
s ide  wing o f  t h e  c e n t r a l  peak s t rong ly  suggests t h a t  t h e  s igna l  A observed 
a t  h igh  temperature was from i n i t i a l  vapor phase r a d i c a l s  t h a t  formed 
d u r i n g  p y r o l y s i s  o f  coal. The gradual growth of 8 s i g n a l  a f t e r  the forma- 
t i o n  o f  A suggests t h a t  the B r a d i c a l s  cou ld  be po lymer i za t i on  products  o f  
A. The 8 r a d i c a l s  probably condense o u t  on the  sample tube as they are 
formed accounting f o r  t h e i r  l o s s  o f  h y p e r f i n e  s t r u c t u r e .  

A sample tube was opened i n  the a i r  a f t e r  t he  p y r o l y s i s  experiment and 
washed w i t h  THF and acetone. A dark brown c o l o r e d  f i l m  remained on the  
i n n e r  surface o f  t he  tube. 
t o  the  room temperature spectrum before opening t h e  tube (see Fig. 2) .  
Th i s  f i l m  i s  most l i k e l y  t h e  speculated polymer ized product. 

Spectra obta ined from th ree  samples are shown w i t h  t h e i r  s t i c k  diagrams i n  
F ig .  3. A t  t he  bottom o f  t he  f i g u r e ,  a c a l c u l a t e d  ESR spectrum of phenal- 
enyl r a d i c a l s  i s  shown w i t h  corresponding s t i c k  diagram f o r  comparison. 
The s imu la t i on  was computed on Varian Associates sof tware by us ing  
reported2 proton hyper f ine coup l i ng  constants, al =6.32 G, a,=1.81 G, and 
w i t h  i n d i  v idual  hyper f i ne  1 i newi d t h  o f  1 Gauss and Lo ren tz ian  1 i ne shape. 
Broser e t  repo r ted  ESR spect ra o f  severa l  a l k y l  s u b s t i t u t e d  phena- 
l e n y l  rad i ca l s ,  many o f  which showed s i m i l a r  o v e r a l l  spec t ra l  features.  
The observed spect ra from coal  p y r o l y s i s  vapor seem t o  be from a m ix tu re  
o f  t he  a l k y l  phenalenyl r a d i c a l s .  

With t h i s  

S ignal  averaging was done 

Each spectrum shown i s  an average of 2 scans. 

W i t h i n  two minutes another ESR s igna l  (B) appeared a t  

The f i l m  gave an ESR spectrum which i s  s i m i l a r  
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The signal B is probably from a polymerization product of the i n i t i a l  
phenalenyl-like radicals.  Singer and Lewis4 reported ESR spectra f o r  
phenalenyl radical produced by pyrolysis of acenaphthylene i n  m-quinque- 
phenyl solution a t  450OC. They a l so  proposed a possible polymerization 
scheme of i n i t i a l  acenaphthylene becoming a zethrene-type polycondensed 
ring structure.  
deduce tha t  i f  the primary rad ica ls  are quenched, s tab i l ized  by l igh ter  
radicals or hydrogen donors before they polymerize, products w i t h  lower 
molecular we igh t  would resu l t .  

The existence of phenalenyl-like radicals in a pyrolysis product of petro- 
leum hydrocarbons was reported by Bennett5 and Stehling.6 Thus  the detec- 
t ion of phenalenyl radicals i n  the coal pyrolysis vapor seems t o  be a 
reasonable one. 

I t  should be mentioned tha t  the detection of only phenalenyl-like radicals 
i n  the pyrolysis vapor does n o t  mean other radicals were not produced in 
the process. Shorter l ived rad ica ls ,  e.g., alkyl rad ica ls ,  might have 
been produced b u t  may not have a t ta ined  enough concentration t o  be 
detected by present method. 

As a practical  application of this resu l t ,  one could 

B. Coal -Derived Liquids 

Coal-derived l iqu ids  from the p i l o t  plant pyrolysis reactor 7 
were studied by using ESR. The l iquids were produced by quenching the 
pyrolysis vapor w i t h  H-donor sol vents, e. g., t e t ra1  i n  o r  hydrogenated 
creosote o i l s .  Fresh l iqu ids ,  before exposure t o  a i r  has occurred, 
contained phenalenyl radicals together w i t h  other s tab le  radicals.  The 
ESR spectrum of fresh coal l i q u i d  w i t h  calculated phenalenyl spectrum i s  
shown in Fig. 4. The phenalenyl radical signal disappeared when oxygen 
was bubbled through the l iquid.  
t ha t  of aged coal -derived 1 i q u i  d. 

A coal-derived l iquid exposed t o  a i r  was tested w i t h  a flow ce l l  reactor 
originally developed by Livingston e t  a1.8 
heating, the l i q u i d  gave an ESR signal ( A )  (see F i g .  5).  When heated a t  
450°C, phenalenyl-like radical signal ( B )  appeared on the top of the room 
temperature coal l iqu id  signal.  The difference, ( B ) - ( A ) ,  i s  shown as ( C )  
i n  Fig. 5. 
we believe tha t  the signal is  a mixture from various alkyl substi tuted 
phenal enyl -1 i ke radical s. 

With another coal-derived l iqu id ,  a similar ESR spectrum of phenalenyl- 
l i ke  radicals (D) was observed a t  515OC. In the two spectra, C and D i n  
Figure 5, the only difference between the two is  the central peaks w h i c h  
a re  from s tab le  radicals i n  the coal l i qu id  or polymerized products during 
pyrolysis. 
hyperfine coupling constants is shown a t  the bottom o f  the figure. 

ESR spectrum of the l i q u i d  was similar to 

A t  room temperature before 

As in the case of coal pyrolysis vapor described e a r l i e r ,  

The calculated ESR spectrum of phenalenyl w i t h  the reported 
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11. Quench Solvent  Eva lua t i on  

I n  the process o f  coal  p y r o l y s i s ,  var ious types o f  r a d i c a l s  a r e  
produced. I f  these r a d i c a l s  are no t  quenched f a s t  enough, e.g., by 
H-donor solvents, the r a d i c a l s  may recombine t o  make polymers. Since the  
purpose o f  coal p y r o l y s i s  i s  t o  make l i g h t  molecules by break ing bonds Of 
l a r g e r  molecules, the recombination r e a c t i o n  i s  h i g h l y  undesi rab le.  I n  
view Of t h i s ,  t h e  ef fect iveness o f  quench s o l v e n t  i n  coal pyrOlYSiS i s  a 
very important f a c t o r  f o r  the p roduc t i on  o f  l i g h t  coa l -de r i ved  l i q u i d s .  

There have been s tud ies  on eva lua t i on  o f  donor a b i l i t y  o f  quench solvents, 
e.g., by Bockrath and Noceti.9 The usual approach was t o  generate r a d i -  
ca l s  i n  various donor so lvents  and analyze the products by GC/MS techni  - 
que. Since t h i s  method does n o t  g ive much k i n e t i c  in format ion,  a s o l u t i o n  
f l o w  system through which one can d i r e c t l y  measure the  decay o f  r a d i c a l s  
a f t e r  i n t r o d u c t i o n  o f  quench so l  vents was devised. 

The f l o w  system o f  L i v i n g s t o n  was mod i f i ed  t o  study the decay k i n e t i c s  
a f t e r  i n j e c t i n g  donor solvents. Diphenylmethyl r a d i c a l s  were used as a 
model system t o  s imulate the f r e e  r a d i c a l s  generated i n  the  coal l i que fac -  
t i o n  processes. The diphenylmethyl r a d i c a l s  were generated by p y r o l y s i s  
( a t  44OoC, 1300-1400 p s i )  o f  0.02 M 1,1,2,2-tetraphenylethane i n  50:50 
(volume) benzene-diphenylmethane s o l u t i o n  as repo r ted  by L i v ings ton .  

Experimental Procedure 

I n  the f l o w  system o f  L i v i n g s t o n  e t  a l .  a s t r a i g h t  fused s i l i c a  c a p i l l a r y  
t u b i n g  was used as a p y r o l y s i s  r e a c t o r  i n s i d e  o f  a microwave c a v i t y .  I n  
the present study, the c a p i l l a r y  r e a c t o r  p o r t i o n  was mod i f i ed  t o  have two 
i n l e t s  and one o u t l e t  as shown i n  Fig. 6. Two c a p i l l a r y  tub ings (1.2 mm 
ID x 4.7 m OD) were j o i n e d  t o  accommodate the  f l o w  o f  s o l u t i o n  t o  be 
pyro lyzed a t  one branch (1) and the  f low o f  quench s o l v e n t  a t  t he  o the r  
branch (2). 
w i t h  the plane o f  branches 1 and 2 perpendicu lar  t o  the  h o t  a i r  i n l e t .  
Two HPLC pumps (Waters 6000A) were used t o  pump t h e  l i q u i d s  t o  t h e  
branches 1 and 2. 
system were discarded and never r e c i  r c u l  ated. 

Solvents used i n  the  experiment were reagent grade purchased from A l d r i c h  
Chemical Co. except hydrophenanthrene. The hydrophenanthrene was made i n  
our l abo ra to ry  by hydrogenation o f  phenanthrene under hydrogen pressure a t  
1500-2800 p s i  and 370°C w i t h  She l l  #454 ca ta l ys t .  A f t e r  f r a c t i o n a l  d i s -  
t i l l a t i o n ,  l i g h t  y e l l o w  l i q u i d  p o r t i o n  was c o l l e c t e d  and used i n  t h e  
quench experiment. 
o f  Table 1. 

Both branches of t he  c a p i l l a r y  reac to r  (see F ig .  6) were heated by b low ing  
e l e c t r i c a l l y  heated a i r  through the  dewar assembly. I n  branch 1, r a d i c a l s  
were created by p y r o l y s i s  of se lec ted  model compound s o l u t i o n  and then 
quenched w i t h  so l ven t  from branch 2. 

The c a p i l l a r y  reac to r  was housed i n s i d e  a fused quar t z  dewar 

I n  t h i s  experiment, the s o l u t i o n s  once through the  f l ow  

The composit ion of t he  m ix tu re  i s  shown a t  the bottom 
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The change o f  r a d i c a l  concen t ra t i on  before and a f t e r  the i n t r o d u c t i o n  o f  
quench so lvent  was monitored by ESR. I n  t h i s  experiment, r a t i o  o f  t he  
f low r a t e  o f  each branch was k e p t  constant, the s o l u t i o n  t o  be pyro lyzed 
a t  1 and the quench so l ven t  a t  2 as 4 : l  by volume. By va ry ing  the  f l ow  
r a t e  wh i l e  keeping t h e  r a t i o  constant, the r a d i c a l  concen t ra t i on  was 
measured as a f u n c t i o n  o f  quenching durat ion,  i.e., the p e r i o d  o f  t ime  
needed f o r  the l i q u i d  t o  t r a v e l  through the 8 cm pa th  from the p o i n t  o f  
m ix ing  branch 1 and branch 2 t o  the  center  of the microwave c a v i t y .  To 
study the k i n e t i c s  o f  quenching severa l  se ts  o f  f l o w  r a t e s  were studied. 
I n  each set, t he  same f l o w  r a t e  was repeated twice, a t  branch 2, once w i t h  
benzene and once w i t h  the  d e s i r e d  quench so lvent .  
benzene was assumed as a non-donor so lvent .  

To discount  the  sol vent  d i l u t i o n  f a c t o r  and v a r i a t i o n s  i n  t h e  r e s i  dence 
time, the observed ESR s igna l  i n t e n s i t y  a f t e r  m ix ing  w i t h  quench so lvent  
(R) was normalized w i t h  respec t  t o  the  case w i t h  benzene ( R o l e  The r a t i o ,  
R/RQ, was then used as a measure o f  r e l a t i v e  concen t ra t i on  o f  r a d i c a l s  f o r  
a given f low rate.  

ExDerimental Resul ts  and D iscuss ion  

I 

I n  t h i s  experiment, 

The r e l a t i v e  concen t ra t i on  o f  diphenylmethyl r a d i c a l  was est imated by 
measuring t h e  he igh ts  o f  t h e  s t ronges t  peaks, 1 and I1 (see F ig.  7). 
Several measurements were repeated and averaged, and an average o f  peak 
h e i g h t  I and I1 was then used as a measure o f  r a d i c a l  concen t ra t i on  a t  a 
g iven flow ra te .  This  procedure was repeated a t  each f l o w  r a t e  once w i t h  
benzene f o r  Rg and once w i t h  quench so l ven t  f o r  R. The r a t i o ,  R/R,, was 
then p l o t t e d  i n  Fig. 8. 

The major quench r e a c t i o n  can be viewed as fo l l ows :  

Radical concen t ra t i on  CR], quench so l  vent  [SHI ,  

- -w = k [SH] [R] (1) 

i n  which k i s  a r a t e  constant  and t i s  quenching t ime. 
Since CR1 c0.02 M, and CR1 <<CSHl-1.5M, we can assume k' = k 
[SHI .  

- = k '  [R] 

I n  - - k '  ( t - t o )  o r  - - exp { -k '  ( t - t o  I]  %-- 

( 2 )  

( 3 )  
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i n  which to i s  the  t ime needed f o r  m ix ing  quench s o l v e n t  w i t h  t h e  
pyro lyzed s o l u t i o n  and k' i s  t he  pseudo f i r s t  order  r a t e  Constant. 

The equat ion ( 3 )  was used t o  f i n d  the  bes t  f i t  values o f  k '  with t h e  
experimental values f o r  t he  so l ven ts  studied. The r e s u l t s  a re  l i s t e d  
i n  Table l ,  

Dur ing the  quench experiments, no o t h e r  r a d i c a l  except t h e  diphenylmethyl 
r a d i c a l  was detected. It seems t h a t  t he  concentrat ions of the r a d i c a l s  
produced i n  the quenching process a re  too  l o w  t o  be detected by ESR. Fo r  
instance, the concen t ra t i on  o f  S -  r a d i c a l  i s  expected t o  be lower  than 
R., and as soon as the S. r a d i c a l s  are formed, they are engaged i n  
Various r e a c t i o n  pathways, such as recombination, d i sp ropor t i ona t ion ,  etC. 
and a spread o f  r a d i c a l  concentrat ions over  va r ious  in termediates r e s u l t s .  
Thus none o f  t he  i n te rmed ia tes  has h i g h  enough concen t ra t i on  t o  be 
detected by ESR. 

From t h e i r  end product  analys is ,  Bockrath e t  a1.* assigned s o l v e n t  i n d i c e s  
f o r  model hydrogen donor so lvents .  Using t h e i r  d e f i n i t i o n ,  t he  ESR r e s u l t  
cou ld  be accounted as a measure o f  combination o f  donor and scavenger 
e f fec ts  o f  quench so lvents .  

I n  Table 1, the pseudo f i r s t  order  r a t e  constants, k '  de r i ved  from ESR 
r e s u l t s  are compared w i t h  the  s o l v e n t  i nd i ces .  
where the same quench so l ven t  was used. 
phenanthrene used i n  t h i s  experiment was a m ix tu re  r a t h e r  than a pure 
compound, 9, 10-dihydrophenanthrene, as used by Bockrath e t  a l  .g 

I n  a commercial coal  p y r o l y s i s  process, coal  - d w i  ved recyc le  s o l  vent w i l l  
be p re fe rab le  and economical ly more a t t r a c t i v e  than  the  above quench so l -  
vents. For s imu la t i on  o f  the coal  -der ived r e c y c l e  solvent, hydrogenated 
creosote o i l s  were t e s t e d  us ing  the  same f l o w  c e l l  apparatus, t o  quench 
d i phenyl met hy 1 r a d  i ca 1 s . 
By us ing  t h i s  f l o w  c e l l  eva lua t i on  method, one can determine t h e  optimum 
hydrogenation c o n d i t i o n  o f  creosote o i l s  f o r  t he  bes t  quenching e f f e c t .  
The f i r s t  v a r i a b l e  chosen t o  study was hydrogenation temperature. 
o f  creosote o i l  were hydrogenated a t  300, 320, 360 and 400°C. Other 
cond i t i ons  were kep t  constant :  r e a c t i o n  time, 0.5 h r ;  c a t a l y s t  HDS-9A 
(American Cynamid); i n i t i a l  hydrogen pressure, 1500 p s i .  
was done i n  dup l i ca te  200 gr. batches a t  each temperature us ing  raw creo- 
so te  o i l  i n  a magnadrive autoclave. Each sample o f  hydrogenated creosote 
o i l  was then s t o r e d  w i t h  molecular sieves (Grade 564, 3A, Davison 
Chemical, -50 gr. molecular  s ieve  i n  -400 gr . )  o v e r n i g h t  t o  remove any 
water present. 

The r e s u l t s  of quenching experiments are shown i n  F i g  9. 
t he  creosote o i l s  hydrogenated a t  300-320°C seem t o  g i v e  the  f a s t e s t  
quenching e f f e c t .  The m i l d l y  hydrogenated creosote o i l  (300-320"C) was 

Ti- 

The t r e n d  seems t o  agree 
It should be noted t h a t  hydro- 

Samples 

Hydrogenation 

The samples were then f i l t e r e d  be fo re  use. 

I n  t h i s  ser ies,  
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found t o  con ta in  -0.27 M o l / g r  o f  pheno l i c  groups whereas t h e  severely 
hydrogenated creosote o i l  (400°C) d i d  n o t  have any de tec tab le  amount o f  
phenol ic  groups. The pheno l i c  groupslO may p lay  a r o l e  as hydrogen shut- 
t l e r s  d u r i n g  t h e  quenching process, thus enhancing the  donor a b i l i t y  o f  
t he  mildly hydrogenated creosote o i l s .  

The mod i f i ed  flow system descr ibed i n  t h i s  paper seems t o  g i ve  a con- 
venient  and accurate measurement o f  e f f e c t i v e n e s s  o f  quench solvents. The 
quenching experiments were done w i t h  on l y  one r a d i c a l  species, namely 
diphenylmethyl r a d i c a l .  Fu tu re  experiments w i l l  be expanded t o  o the r  
k i n d s  o f  r a d i c a l s  and w i t h  more v a r i e t y  o f  quench so lvents .  

Table 1. Quench s o l v e n t  eva lua t i on .  The bes t  f i t  k' values a r e  compared 
9 w i t h  the s o l v e n t  i n d i c e s  of Bockrath e t  a l .  

Solvent I nd i ces  

Solvent k '  /sec Donor Scavenger Combined 
w i t h  t0=0.72 Index Index Index 

Cumene 0.10 - - - 
Mesi ty lene 0.23 - - - 
Tetra1 i n  0.54 0.27 0.32 0.59 

Hydrop henan t hrene# 0.63 0.31* 0.23* 0.53* 

Indan 0.98 0.35 0.30 0.65 

* w i t h  9, 10-dihydrophenanthrene. 

# m ix tu res  of v i n y l  naphtha1 ene , p r o p y l d i  hydronaphthalene, butyldecahydro- 
naphthalene, tetradecahydrophenanthrene, octahydrophenanthrene, d ihydro-  
phenanthrene, tetrahydrophenanthrene, phenanthrene, hexahydrophenanthrene, 
d imethy l  tetrahydrophenanthrene. 
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Fig. 1. Experimental apparatus used for detection o f  radicals 
from coal pyrolysis vapor. 

Thermocouple 
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Fig. 6 ,  Apparatus for radical quenching experiments; tw inlets 
were used. 1 for the solution to be pyrolyzed. 2 for 
the quench solvents. 

F i g .  7 .  ESR spectra of diphenylrnethyl fran 0.02 M tetraphenylethane 
i n  equal volume mixture  of benzene-diphenylmethane a t  440'C 
and 1300-1400 p s i ;  A .  before  quenching, 8 .  a f t e r  mixing 
w i t h  t e t r a l i n .  
Two peaks, I and 11. were used i n  comparing the degree of 
quenchfng w i t h  d i f f e r e n t  solvents. 
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Fig. 8. A p l o t  of R/R as a funct ion of  quenching time. The s o l i d  curves are calculated 
values w i th  best f i t  k ' .  

R = Radical concentrat ion w i th  benzene a t  branch 2. 

R = Radical concentrat ion w i th  donor solvent a t  branch 2. 
0 

Quenching time (seconds ) 

Fig.  9. A p l o t  of R/R Vs. quenching time. Hydrogenated creosote o i l s  mixed with benzene (50:50 0 
by volume) were used as solvents for  quenching diphenylmethyl rad ica ls .  
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